Charcot-Marie-Tooth (CMT) is the most common inherited peripheral neuropathy, affecting approximately 2.8 million people. The CMT leads to distal neuropathy that is characterized by reduced motor nerve conduction velocity, ataxia, muscle atrophy and sensory loss. We generated a mouse model of CMT type 2E (CMT2E) expressing human neurofilament light E396K (hNF-L E396K ), which develops decreased motor nerve conduction velocity, ataxia and muscle atrophy by 4 months of age. Symptomatic hNF-L E396K mice developed phenotypes that were consistent with proprioceptive sensory defects as well as reduced sensitivity to mechanical stimulation, while thermal sensitivity and auditory brainstem responses were unaltered. Progression from presymptomatic to symptomatic included a 50% loss of large diameter sensory axons within the fifth lumbar dorsal root of hNF-L E396K mice. Owing to proprioceptive deficits and loss of large diameter sensory axons, we analyzed muscle spindle morphology in presymptomatic and symptomatic hNF-L E396K and hNF-L control mice. Muscle spindle cross-sectional area and volume were reduced in all hNF-L E396K mice analyzed, suggesting that alterations in muscle spindle morphology occurred prior to the onset of typical CMT pathology. These data suggested that CMT2E pathology initiated in the muscle spindles altering the proprioceptive sensory system. Early sensory pathology in CMT2E could provide a unifying hypothesis for the convergence of pathology observed in CMT.
Charcot-Marie-Tooth (CMT) neuropathies are broadly grouped into demyelinating (CMT type 1), axonal (CMT type 2) or intermediate forms (CMT type 3, type 4 and X-linked) (Fridman et al. 2015) . While the specific mutations causing CMT vary, the clinical presentation is very similar between the major types. The CMT clinical signs include foot deformities accompanied by progressive muscle weakness and muscle atrophy as well as loss of sensation and altered joint positioning sense (Pareyson et al. 2006) . With more than 60 different genes associated with the various types of CMT (Bouhy & Timmerman 2013) , it is unclear how the clinical presentation is similar across CMT types.
The CMT patients show signs of sensory dysfunction including loss of vibration and joint position sense progressing to decreased pain and temperature sensation (Szigeti & Lupski 2009 ). Vibration and joint position sense are transmitted to the central nervous system by large myelinated axons, which are designated as group II and group Ia/b sensory fibers, respectively (Gilman 2002) . In the periphery, receptors that detect vibration sense include Merkel disk receptors, Meissner's corpuscles and Pacinian corpuscles, which can also mediate tactile sensation (Gilman 2002) . Joint position sense is sensed by muscle spindles and Golgi tendon organs (Gilman 2002) . Thus, sensory dysfunction could result from pathology within large myelinated axons, peripheral end organs or both. Alterations in sensory nerves preceding the manifestation of sensorimotor dysfunction are commonly observed in rodent CMT models (Achilli et al. 2009; d'Ydewalle et al. 2011; Gillespie et al. 2000; Lee et al. 2013; Sereda et al. 1996) . Thus, selective loss of large myelinated sensory fibers could be a common site of initial pathogenesis resulting in convergence of clinical phenotypes observed in CMT patients despite the cellular and genetic variability associated with individual CMT types.
The CMT type 2E (CMT2E) is an axonal form of CMT that was linked to mutations in the neurofilament light gene (nefl) (Mersiyanova et al. 2000) Currently, there are 18 mutations located in all domains of NF-L protein linked to CMT2E. Patients expressing the glutamate to lysine at amino acid 396 (E396K) mutation presented with typical CMT signs, such as foot deformities, muscle weakness and atrophy, gait ataxia and altered sensation (Züchner et al. 2004) . Moreover, analysis of sural nerve biopsies from patients with the E396K mutation showed reduced axonal diameters with thinner myelin and loss of sensory axons (Züchner et al. 2004) . To study the mechanisms of disease pathogenesis, four CMT2E mouse models were generated, expressing human NF-L P22S (Dequen et al. 2010) , mouse NF-L N98S , mouse NF-L P8R (Adebola et al. 2015) and human NF-L E397K (Shen et al. 2011 ) (referred to hereafter as hNF-L E396K , see the original description of the mutation in Materials and methods section). Transgenic mice expressing hNF-L P22S developed aberrant hind limb posture, gait ataxia and sensorimotor defects (Dequen et al. 2010; Filali et al. 2011) . Cellular analyses of hNF-L P22S mice showed muscle hypertrophy and denervation without motor or sensory axonal loss (Dequen et al. 2010) . Mice expressing mNF-L N98S developed aberrant hind limb posture and tremors when lifted by the tail (Adebola et al. 2015) . Additionally, mNF-L N98S expression resulted in neurofilament inclusions in motor and sensory cell bodies and reduced axonal diameters (Adebola et al. 2015) . The mNF-L P8R mice did not develop a phenotype (Adebola et al. 2015) . We generated a transgenic mouse model expressing hNF-L E396K (Shen et al. 2011) . The hNF-L E396K mice developed aberrant hind limb posture, foot deformities (Shen et al. 2011) and altered gait (Dale et al. 2012) . Cellular pathology included distal limb muscle atrophy without denervation and reduced motor axon diameters as well as reduced myelin thickness (Shen et al. 2011) .
In this study, we analyzed sensory systems to determine if hNF-L E396K mice developed sensory deficits. Similar to CMT2E patients, symptomatic hNF-L E396K mice developed sensory dysfunction consistent with loss of joint position sense and reduced sensitivity to mechanical stimulation. Sensory axons that relay joint position and vibration sense to the central nervous system are large myelinated group I and group II axons (Casellini & Vinik 2007; Tourtellotte & Milbrandt 1998) . Therefore, we quantified sensory axons in presymptomatic and symptomatic hNF-L E396K mice. Symptomatic hNF-L E396K mice had reduced numbers of large (>5 μm) sensory axons. Sensory axon loss together with alterations in joint position sense suggested possible alterations to the proprioceptive sensory system. Consistent with this hypothesis, cross-sectional area and volume of muscle spindles were reduced in presymptomatic and symptomatic hNF-L E396K mice. Our results suggested that hNF-L E396K mice developed early alterations in sensory systems that precede the onset of motor system pathology (Shen et al. 2011) .
Materials and methods

Animals
The hNF-L and hNF-L E396K transgenic mice were generated as separate lines on a C57BL/6J background as previously described (Shen et al. 2011) . All procedures were in compliance with the University of Missouri Animal Care and Use Committee and with all local and federal laws governing the humane treatment of animals. Equal number of male and female mice was used for all experiments. All experiments were performed during the light phase (0700-1900 h) of the light cycle. Previous analyses of hNF-L E396K mice indicated that overt disease phenotype such as aberrant hind limb posture, foot deformities, and gait alterations initiate at 4 months of age (Dale et al. 2012; Shen et al. 2011) . Thus, for this study, 2-month ± 1-week-old mice were considered presymptomatic and 6-month ± 1-week-old mice were used considered symptomatic. Mice were housed in microisolator cages (up to five per cage) on a 12-h light/dark cycle, and were given food and water ad libitum.
In the original description of this mutation (Züchner et al. 2004) , and in previous publications (Butinar et al. 2008; Dale et al. 2012; Shen et al. 2011; Villalon et al. 2015) , this mutation was referred to as E397K. However, mouse (GenBank: AAH16436.1) and human NF-L (GenBank: CAA29097.1) protein sequence show that the mutated amino acid is E396 and not E397. The mutated amino acid falls within the most highly conserved sequence, KLLEGEE. The penult glutamic acid is the mutated amino acid, which corresponds to position 396. This discrepancy in positioning has not been explained explicitly, but the field has shifted to refer to this mutation as E396K rather than E397K (Berciano et al. 2015; Elbracht et al. 2014; Pisciotta et al. 2015) .
Tissue preparation and axon morphological analysis
The 2-and 6-month-old mice were perfused intracardially with 4% paraformaldehyde (PFA) in 0.1 M Sorenson's phosphate buffer, pH 7.2, and postfixed overnight in the same buffer. Fifth lumbar nerve roots were dissected, treated with 2% osmium tetroxide, washed, dehydrated and embedded in Epon-Araldite resin (Electron Microscopy Sciences, Hatfield, PA, USA). Thick sections (0.75 μm) for light microscopy were stained with p-phenylenediamine. Cross-sections of fifth lumbar sensory axons were analyzed in at least three mice per group. Axonal diameters were measured using the AXIOVISION Software (Zeiss International). Entire roots were imaged, imaging thresholds were selected individually and the cross-sectional area of each axon was calculated and reported as a diameter of a circle of equivalent area. Axons were grouped into >5 or <5 μm bins, and were analyzed for statistical significance.
Balance beam
Previous analyses of hNF-L E396K mice indicated that overt disease phenotype such as aberrant hind limb posture, foot deformities and gait alterations initiate at 4 months of age (Dale et al. 2012; Shen et al. 2011) . Thus, we analyzed motor co-ordination defects on symptomatic, 6-month-old hNF-L E396K and hNF-L control mice. The 6-month-old mice were trained for 5 days to walk on three progressively smaller circular wooden beams (5, 2.5 and 1 cm diameter) of 120 cm in length, suspended 50 cm from a bedding surface. During training, mice walked on each of the three beams for 3 min with at least 20 min of rest. After training, experiments were performed on the smallest beam, with markings in 5-cm increments along the beam. Escape from beam was obstructed at each end. A digital camera was placed both perpendicular and parallel to the beam allowing for delineation of walking speed and foot slips, respectively. Mice were tested in three trials per day for three consecutive days (day 1, day 2 and day 3) with at least 20 min of rest between trials. The number of falls, number of foot slips, total time walking and the latency to fall within the 3-min trials were scored for each day tested. The number of foot slips and falls were counted and normalized to amount of time walking per genotype per day tested. In addition, the average voluntary walking distance was measured using the 5-cm intersection marks, and was used to calculate the average walking speed per genotype on the last day tested.
Thermal nociception
Response to thermal nociception was analyzed by Hargreaves' assay (Hargreaves et al. 1988 ) utilizing a Paw Thermal Stimulator System (Department of Anesthesiology, University of California, San Diego, CA, USA). The 6-month-old mice were placed under wire cages on a glass surface that was maintained at 30 ∘ C. Latencies of limb withdrawal from a focused source of light were measured. Latencies of withdrawal were converted to temperatures by the construction of a standard curve using an attached thermocoupler under the glass surface.
Mechanical nociception
Threshold response to mechanical algesia was measured with a Dynamic Plantar Aesthesiometer (DPA) model # 37450 (Ugo Basile, Gemonio, Verese Italy) in 6-month-old mice. Mice were set on a wire-mesh platform and allowed to habituate for at least 15 min. After habituation, the DPA monitored paw withdrawal thresholds. A metal filament was pushed against the hind and front paws with an ascending linear force (10 and 2 g/second, respectively) until a strong, immediate withdrawal occurred. Measurements were taken in triplicate and averages were reported as paw withdrawal thresholds in grams. 
Immunohistochemistry
Muscle spindle analysis was performed on the extensor digitorum longus (EDL) muscle in 2-and 6-month-old mice. Fresh EDL muscles were isolated and quickly flash-frozen in liquid nitrogen-cooled isopentane. Unfixed 16-μm transverse serial sections were made through the entire length of each muscle, and every 12th section was collected and stored at −20 ∘ C until further processing. Fresh unfixed sections were blocked in Hen serum for 1 h at 4 ∘ C and then in blocking solution (10% normal goat serum and 1% nonidet P-40) for another hour at 4 ∘ C. Mouse monoclonal antibody against myosin heavy chain I (BA-D5-S, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA) in blocking solution (1:50) was applied to the sections and incubated overnight at 4 ∘ C. The sections were then washed thrice for 5 min with phosphate-buffered saline (PBS), fixed with 4% PFA for 10 min at 4 ∘ C and washed again thrice for 5 min with PBS at room temperature. Sections were incubated in a chicken polyclonal antibody against neurofilament medium in blocking solution (1:2000) at 4 ∘ C overnight to label axons followed by three times of washing with PBS for 5 min at room temperature. Subsequently, sections were washed thrice for 5 min with PBS, incubated with species-specific secondary antibodies that were conjugated with either Alexa Fluor 488 or 555 (Molecular Probes, Invitrogen, Carlsbad, CA, USA) (1:500) diluted in blocking buffer and washed again thrice for 5 min with PBS. Slides were mounted in Vectashield with 4 ′ , 6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA, USA) and imaged on a confocal microscope (Model TPS SPE, Leica Microsystems, Inc., Buffalo Grove, IL, USA).
Muscle spindle analysis
Individual muscle spindles were identified and traced through sequential serial sections. The area of each muscle spindle was measured in each serial section, and maximum, median and minimum cross-sectional areas were determined for each spindle. The approximate length of each muscle spindle was calculated by multiplying section thickness (16 μm) by the number of spindle positive sections per individual spindle. Cross-sectional area and calculated length were used to calculate muscle spindle volume. Measurements of all muscle spindles were averaged per genotype.
Statistical analysis
Average measurements for each observation from the balance beam results were analyzed for statistical significance by two-way repeated measures analysis of variance (ANOVA) followed by a Holm-Sidak post hoc test (SIGMAPLOT, Systat Software, Inc., San Jose, CA, USA). Average measurements of axon counts, thermal nociception, mechanical nociception, auditory brainstem responses and muscle spindle analyses were all analyzed for statistical significance by Student's t-test. 
Results
Reduced motor co-ordination in hNF-L E396K mice Time spent walking, distance walked and walking speed
To analyze overall motor performance, we measured the total time spent walking (Fig. 1a) , the distance walked (Fig. 1b) and the average walking speed (Fig. 1c) at each day tested. No significant differences were observed in any measurement between genotypes or across days tested.
Falls
The frequency of falls was also used to investigate motor co-ordination and balance (Carter et al. 1999; Lepicard et al. 2003) . The hNF-L E396K mice had significantly (F 2,20 = 7.84, P < 0.001) more falls (∼3.0-fold) on day 1 compared with hNF-L controls (Fig. 2a) . On days 2 and 3, the number of falls in hNF-L E396K mice significantly dropped relative to day 1 (F 1,2 = 1.60, P = 0.0, day 1 vs. day 2; F 1,2 = 1.60, P = 0.034, day 1 vs. day 3) such that there was no difference between hNF-L E396K and hNF-L mice. This suggested that hNF-L E396K mice adapted to the balance beam. The hNF-L control falls remained similar throughout all 3 days (Fig. 2a) .
Foot slips
Quantifying foot slips is an established method for analyzing motor co-ordination (Carter et al. 1999; Stanley et al. 2005) , and increased slips reflect proprioceptive dysfunction (Muller et al. 2008; Taylor et al. 2001) . A foot slip was classified as any event in which a paw fell off the top of the beam (Fig. 2b) . The number of foot slips was quantified per trial on all test days. On day 1, hNF-L E396K mice had approximately 2.0 times more foot slips compared with the hNF-L controls (Fig. 2c) . However, these differences did not reach statistical significance. By day 2, the number of foot slips increased to approximately 2.5 times more than the controls (Fig. 2c) , which was statistically significant (F 1,8 = 39.50, P = 0.031). On day 3, the number of foot slips increased to approximately 3.5 times more than hNF-L controls (Fig. 2c) . The number of foot slips on day 3 was significantly higher than controls (F 1,8 = 39.50, P < 0.001), and was also significant relative to hNF-L E396K foot slips on day 2 (F 2,16 = 4.50, P = 0.020) and day 1 (F 2,16 = 4.50, P = 0.002). The number of foot slips did not change throughout the study for age-matched hNF-L control mice (Fig. 2c) . Taken together, these analyses suggested that symptomatic hNF-L E396K mice developed alterations in motor co-ordination consistent with loss of joint position sense.
Attenuated response to mechanical but not thermal nociception in hNF-L E396K mice
We utilized two different paradigms to analyze nociception and target-specific sensory axons in 6-month-old hNF-L and hNF-L E396K mice: mechanical (group II, large myelinated axons; Fig. 3 ) and thermal nociception (groups III and IV, and unmyelinated; Fig. 4 ). The hNF-L E396K mice required significantly more force to elicit a response in both the right hind (P = 0.001; Fig. 3a ) and left hind (P = 0.013; Fig. 3b ) paws compared with hNF-L controls. No differences were observed in evoked response in either right (Fig. 3c ) or left front (Fig. 3d) paw. We analyzed thermal nociception by Hargreaves' assay (Fig. 4) . No differences were found in temperature threshold required to elicit a response (Fig. 4) , suggesting that reduction in mechanical nociception was not because of a generalized reduction in nociception. Taken together, these results indicate that hNF-L E396K mice develop deficits in large sensory axon function without altered function of small diameter sensory axons.
Progression from presymptomatic to symptomatic correlated with loss of large diameter sensory axons in hNF-L E396K mice
Increased number of foot slips and decreased sensitivity to touch suggested alterations in proprioceptive and mechanoreceptive sensory neurons, which are large myelinated (>5 μm) sensory axons (Casellini & Vinik 2007; Tourtellotte & Milbrandt 1998) . In 2-month-old hNF-L E396K mice, the number of small (≤5 μm; Fig. 5a ) and large (>5 μm; Fig. 5b ) diameter axons was indistinguishable from age-matched hNF-L controls. Aging from 2 to 6 months resulted in a reduction of approximately 300 small sensory axons in both hNF-L and hNF-L E396K mice (Fig. 5c) . Concomitantly, the number of large sensory axons increased by approximately 300 axons in hNF-L control mice (Fig. 5d) . However, there was no increase in the number of large diameter sensory axons in 6-month-old hNF-L E396K mice resulting in significantly fewer large sensory axons relative to age-matched hNF-L controls (Fig. 5d) , which is consistent with previous data showing a decrease (non-significant) of similar magnitude in the total number of sensory axons in symptomatic hNF-L E396K mice (Shen et al. 2011) . Thus, our current analysis shows that progressing from presymptomatic to symptomatic was associated with a specific loss of approximately 300 (∼50%) large diameter sensory axons in hNF-L E396K mice.
Muscle spindle cross-sectional area and volume were reduced prior to disease onset in CMT2E mice
To determine if the loss of large diameter sensory axons was associated with alterations in muscle spindle number or morphology, we analyzed muscle spindles from the EDL muscle. In each muscle section, several muscle spindles EDL muscles were serially sectioned (16 μm), and every 12th serial section was immunostained using antibodies specific for myosin heavy chain type I (green) and neurofilament medium (red) to identify muscle spindles and associated axons (arrows point to individual muscle spindles). (b) Individual muscle spindles were traced through the sections they appeared in and the area they occupied was outlined for cross-sectional area analyses. (c) Muscle spindles were counted in 2-and 6-month-old hNF-L and hNF-L E396K mice. No difference was observed in muscle spindle number in presymptomatic or symptomatic hNF-L E396K mice compared with respective age-matched hNF-L controls. Muscle spindles were averaged per genotype and analyzed for statistical significance by a Student's t-test. Error bars = SEM. N = 3 for both hNF-L and hNF-L E396K . S-329, section 329; S-341, section 341; S-353, section 353; S-365, section 365.
were identified (Fig. 6a ). Each muscle spindle was then traced (as illustrated in Fig. 6b ) to count the total number of muscle spindles in each muscle. No differences in muscle spindle number were found in 2-or 6-month-old hNF-L E396K mice compared with age-matched hNF-L controls (Fig. 6c) .
The maximum (P = 0.032; Fig. 7a ), median (P = 0.040; Fig. 7b ) and minimum (P = 0.010; Fig. 7c ) cross-sectional areas were significantly reduced in 2-month-old hNF-L E396K mice. In 6-month-old hNF-L E396K mice, the maximum (P = 0.341) (not significant; Fig. 7d ), median (P = 0.001; Fig. 7e ) and minimum (P = 0.018; Fig. 7f ) cross-sectional areas were reduced in 6-month-old hNF-L E396K mice compared with age-matched hNF-L controls.
Muscle spindle length calculations showed no difference in muscle spindle length between 2-month-old hNF-L E396K (Fig. 8a) or 6-month-old hNF-L E396K (Fig. 8b) mice and age-matched hNF-L controls.
Utilizing the maximum area, minimum area and length data, we calculated the volume occupied by each muscle spindle. Our results showed a significant decrease in muscle spindle volume of approximately 25% in 2-month-old ( Fig. 8c ; P = 0.027) and approximately 26% in 6-month-old ( Fig. 8d ; P = 0.018) hNF-L E396K mice compared with the corresponding age-matched controls. Taken together, these data suggested that alterations in muscle spindle morphology preceded the loss of large diameter sensory axons in hNF-L E396K mice.
Discussion
Expressing hNF-L E396K in mice recapitulated many of the phenotypes observed in patients (Dale et al. 2012; Shen et al. 2011; Villalon et al. 2015) . The first overt phenotype observed in hNF-L E396K mice was reduced ability to spread toes and reduced ability to abduct hind limbs, which was visible in approximately 4-month-old mice (Shen et al. 2011) . This initial phenotype was suggestive of sensorimotor defects, but does not identify the site of pathogenesis. Our analyses have identified alterations that occur before onset of aberrant hind limb posture. At 1 month, neurofilament accumulations were visible in motor neuron cell bodies (Shen et al. 2011) . Ectopic accumulations persisted to 13 months, but were not progressive (Shen et al. 2011) . At 2 months, muscle spindle cross-sectional area and volume were reduced, and axon diameter was reduced in gamma motor neurons (Shen et al. 2011) . These early alterations support pathogenesis within sensorimotor systems with predominant involvement of the proprioceptive system. Altered motor function could contribute to many of the subsequent phenotypes. Reduced hind limb abduction is a gross measurement of sensorimotor function that could be explained by muscle weakness owing to altered motor function (Clark 2009 ). Motor co-ordination was compromised in freely ambulating hNF-L E396K mice on a flat surface, which included left hind limb drag (Dale et al. 2012) . Foot drop is associated with muscle weakness (Bird 1993a (Bird ,1993b .
Muscle atrophy could directly result from reduced motor function (Akay 2014; Boillee et al. 2006) or indirectly from reduced voluntary activity (Clark 2009 ), which was observed in hNF-L E396K mice (Shen et al. 2011) .
Sensory dysfunction observed in hFN-L E396K mice was specific to functions mediated by large diameter sensory axons. Increased number of foot slips on balance beam suggested possible dysfunction of group Ia or Ib sensory axons, which are large diameter sensory axons that transmit proprioception and joint position sense, respectively (Gilman 2002) . Furthermore, sensitivity to mechanical stimulation suggested altered function in group II sensory axons, which are also large sensory axons (Casellini & Vinik 2007) . However, functions mediated by unmyelinated axons, thermal nociception and small, myelinated axons, auditory brainstem responses (Fig.  S1 , Supporting information) (Gleich & Wilson 1993) , were unaltered suggesting normal axonal function. Furthermore, morphological analysis of sensory axons supported large axon specificity, and identified a population of late developing sensory axons that were particularly vulnerable. Quantification of sensory axons at 2 and 6 months in hNF-L mice suggested an age-related expansion in axonal diameter resulting in an increased number of large axons by approximately 300 axons. The hNF-L E396K mice also had a reduction in the number of small sensory axons, but the number of large diameter axons failed to increase suggesting loss of approximately 300 large sensory axons. Thus, functional deficits and morphological alterations indicated that hNF-L E396K -linked CMT2E primarily affected sensory systems that utilize large diameter axons.
Muscle spindle cross-sectional area and volume were significantly reduced in 2-month-old hNF-L E396K mice. Loss of large sensory axons occurred subsequent to muscle spindle alterations. Moreover, gamma motor axon diameter was also reduced prior to the onset of aberrant hind limb posture (Shen et al. 2011) . It is possible that reduced function and altered morphology of muscle spindles in hNF-L E396K mice resulted in secondary loss of large sensory axons and reduced gamma motor axon diameter. While the phenotype is much more extreme than the phenotype observed in hNF-L E396K mice, muscle spindle agenesis resulted in secondary loss of large myelinated sensory and gamma motor axons during development in Egr3 −/− mice (Tourtellotte & Milbrandt 1998) . However, further analysis is required to determine cause and effect in hNF-L E396K mice, as muscle spindles do form in hNF-L E396K mice.
Approximately 60 genes with over 900 unique mutations have been linked to a type of CMT (Bouhy & Timmerman 2013) . Given the large number of genes, it is unclear how mutations in such a wide array of genes that are expressed in different cell types lead to similar clinical presentations. Analysis of rodent models may begin to offer insights into convergence of disease phenotypes. Previous analyses of several CMT rodent models suggest early alterations in sensory systems (Achilli et al. 2009; d'Ydewalle et al. 2011; Gillespie et al. 2000; Lee et al. 2013; Sereda et al. 1996) . Our analyses of hNF-L E396K mice suggest early changes in sensorimotor systems with predominant involvement of the proprioceptive system. Therefore, early and selective dysfunction in proprioceptive sensory systems might provide a unifying hypothesis of disease pathogenesis in CMT. Given the heterogeneity of disease onset even within families with the same mutation (Berciano et al. 2015; Züchner et al. 2004) , investigating proprioceptive system defects might be a useful diagnostic tool for early detection of pathologic changes in patients with family history of CMT. Moreover, specific alterations in proprioceptive systems observed prior to the onset of CMT-like pathology suggest that early intervention with therapies designed to enhance or maintain proprioception could be of significant therapeutic value to CMT patients.
